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Abstract

Nonalcoholic fatty liver disease (NAFLD), which ranges from simple steatosis to nonalcoholic steatohepatitis (NASH), is the most common chronic liver
disease. Yet, the molecular mechanisms for the progression of steatosis to NASH remain largely undiscovered. Thus, there is a need for identifying specific
gene and pathway changes that drive the progression of NAFLD. This study uses high-fat Western diet (HFWD) together with liquid sugar [fructose and
sucrose (F/S)] feeding for 12 weeks in mice to induce obesity and examine hepatic transcriptomic changes that occur in NAFLD progression. The combination
of a HFWD+F/S in the drinking water exacerbated HFWD-induced obesity, hyperinsulinemia, hyperglycemia, hepatic steatosis, inflammation, and human and
murine fibrosis gene set enrichment that is consistent with progression to NASH. RNAseq analysis revealed differentially expressed genes (DEGs) associated
with HFWD and HFWD+F/S dietary treatments compared to Chow-fed mice. However, liquid sugar consumption resulted in a unique set of hepatic DEGs
in HFWD+F/S-fed mice, which were enriched in the complement and coagulation cascades using network and biological analysis. Cluster analysis identified
Orosomucoid (ORM) as a HFWD+F/S upregulated complement and coagulation cascades gene that was also upregulated in hepatocytes treated with TNFo
or free fatty acids in combination with hypoxia. ORM expression was found to correlate with NAFLD parameters in obese mice. Taken together, this study
examined key genes, biological processes, and pathway changes in the liver of HFWD+F/S mice in an effort to provide insight into the molecular basis for

which the addition of liquid sugar promotes the progression of NAFLD.
© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) has become the most
common chronic liver disease in both children and adults [1], par-
alleling the increased prevalence of obesity and diabetes during the
last decades [2]. The NAFLD spectrum ranges from simple steato-
sis (fatty liver) to nonalcoholic steatohepatitis (NASH), which can
lead to more serious clinical conditions of cirrhosis and liver can-
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cer (hepatocarcinoma). NAFLD is a multiple system disease and
a clinical manifestation of the metabolic syndrome [3]. Indeed, it
has been proposed that metabolic (dysfunction) associated fatty
liver disease “MAFLD” is a more appropriate term than NAFLD to
more accurately reflect the pathogenesis and help with patient
stratification [4,5]. However, despite this new understanding of
NAFLD, current treatment options for NAFLD are limited largely
due to the lack of adequate animal models for diet-induced NAFLD
[6]. In addition, the molecular mechanisms for the progression of
steatosis to NASH remain largely undiscovered. Thus, there exists
a need for characterizing animal models of diet-induced NAFLD
to identify specific genes and gene pathways that drive the pro-
gression of NAFLD to aid in the development of new therapeutic
targets.

This study uses a high-fat Western diet together with liquid
fructose/sucrose-fed mice to investigate transcriptomic changes in-
volved in the development and progression of chronic liver disease.
In order to mimic the consumption of sugar in adults [7] and chil-
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dren [8], obesity-linked overnutrition models have been developed
based on added sugar in the form of fructose and/or sucrose. Fruc-
tose, a highly lipogenic sugar, is thought to contribute to the de-
velopment and the severity of NAFLD [9] though both indirect and
direct fructose metabolism pathways [10-12]. The high-fat West-
ern diet with liquid fructose/sucrose consumption mouse model
of obesity was originally developed as a model of NAFLD progres-
sion [13-15], and has been reported to model obese humans with
mild NASH [16]. However, an in-depth analysis comparing the tran-
scriptomic changes in the livers of this model to those differen-
tially regulated in human NAFLD and NASH has, to our knowl-
edge, yet to be reported. Our group has recently examined the
metabolic phenotype of high-fat Western diet (HFWD)-fed mice
with liquid fructose/sucrose in the drinking water and confirmed
that this approach represents a good physiologic and metabolic
model to investigate the mechanism underlying the progression of
NAFLD [17].

To examine genes and gene pathways that drive the progression
of NAFLD, we used RNA sequencing (RNAseq), a comprehensive,
sensitive, quantitative, and unbiased approach which measures the
RNA expression profile more accurately over a greater dynamic
range than microarray-based technologies [18] that have previously
been used to examine the expression of genes in NAFLD progres-
sion in animal models [19,20] and humans [21,22]. Using RNAseq,
we were able to provide a global view of the unique transcriptomic
changes induced by the addition of fructose/sucrose drinking wa-
ter to a HFWD. Here, we report the exacerbation of gross NAFLD
parameters in the livers of mice consuming sugary drinking water
on top of a HFWD along with the key biological processes, path-
ways, and genes involved in accelerated progression. Furthermore,
through gene set enrichment analysis (GSEA) our findings suggest
that this animal model is a representation of the molecular human
NAFLD/NASH condition.

2. Methods and materials
2.1. Animals

Male C57BL/6N mice from Harlan Laboratories (Somerville, N]J) were housed
one per cage in the Auburn University Veterinary Research Building, an AAALAC ac-
credited animal facility, in 12:12-h light-dark, temperature at 22°C, and humidity-
controlled rooms. Mice were provided with standard laboratory chow and water
ad libitum in accordance with an Institutional Animal Care and Use Committee ap-
proved protocol for 1-week to allow for acclimatization to the animal facility. No
procedures were undertaken that caused more than minimal pain, distress, or dis-
comfort. After the 1-week acclimation period, mice (n = 8, 7-week old) remained
on the standard Chow diet (Teklad Global Rodent Diet 2018; energy density 3.1
kcal/g) or received a high-fat Western diet (HFWD) (Test Diets, Cat. #5T]N; energy
density 4.49 kcal/g) containing ~12% and 40% energy from fat, respectively, with or
without sugar (42 g/L) added to the drinking water at a ratio of 55% fructose/45%
sucrose (F/S). The amount and composition of sugar added to the drinking water
was based on the work of Tetri et al. who developed a NAFLD animal model in
which a HFWD was combined with a high fructose corn syrup equivalent in the
drinking water [15]. The composition of fat in the diets was 30% from lard, 30%
from butterfat, and 30% from Crisco. The sample size estimate was based on our
prior NAFLD study with HFWD and HFWD+F/S-fed mice [17]. After 12 weeks on
their respective diets, mice were fasted for 5 h (including changing the F/S drinking
water to tap water in the HFWD+F/S-fed mice) and then euthanized by inhalation
of CO,. Blood immediately drawn from the caudal vena cava and blood glucose was
sampled using an Accu-Check blood glucometer. After clotting at room temperature,
the sample was centrifuged at 12,000 g for 15 min at 4°C. The serum was removed
and stored frozen at —80°C until tested. Liver and eWAT were excised and weighed.
Tissue samples were fixed in 10% buffered formalin prior to paraffin embedding
and flash frozen (liver) or immersed in RNAlater (Life Techonologies, Carlsbad, CA)
(eWAT) and stored at —80°C until used for RNA extraction.

For the Orosomucoid (ORM) expression validation study and NAFLD correla-
tion analysis, RNA extracted from the livers and NAFLD parameter data from male
C57BL/6NHsd mice fed a low fat Western diet (LFWD) (Test Diets, Cat #5TJS) or a
high-fat Western diet (HFWD) (Test Diets, Cat #5TJN) with or without sugar (42
g/L) added to the drinking water at a ratio of 55% fructose/45% sucrose was ob-
tained from a previously described cohort [17].

2.2. Liver tissue histological and lipid analysis

Paraffin-embedded sections were stained with hematoxylin and eosin examined
in a blinded fashion by a board-certified veterinary pathologist. NAFLD was scored
using a general scoring system for rodent models, which is based on the human
NAS (NAFLD activity score) grading criteria [23]. Briefly, micro- and macro-vesicular
steatosis were separately scored and the severity was graded, based on the percent-
age of the total area affected, into the following categories: 0 (<5%), 1 (5-33%), 2
(34-66%), and 3 (>66%). The level of hepatocellular hypertrophy, defined as cellu-
lar enlargement more than 1.5 times the normal hepatocyte diameter, was scored,
based on the percentage of the total area affected, into the following categories: 0
(<5%), 1 (5-33%), 2 (34-66%), and 3 (>66%). Hepatic inflammation was analyzed
by counting the number of inflammatory foci per field at x100 magnification (view
size 3.1 mm?) in five different fields per specimen. NAFLD score was calculated for
each liver biopsy based on the sum of scores for steatosis, hypertrophy and inflam-
mation. TGs were assayed using a kit from Thermo Scientific (Rockford, IL) and
normalized to the protein content measured using the BCA protein assay reagent
(Thermo Scientific/Pierce, Rockford, IL).

2.3. In-vitro experiments

AML12 (alpha mouse liver 12) cells were purchased from the American Type
Culture Collection and cultured in DMEM medium (Life Technologies, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Flowery
Branch, GA) and 1% penicillin-streptomycin solution (Cellgro, Manassas, VA). Cells
were maintained at 37°C in a 5% CO2 atmosphere. Cells were treated with tumor
necrosis factor-alpha (TNF«) or free fatty acids (FFAs) in combination with hypoxia.
TNFa and FFA have been widely used to induce insulin resistance in cultured cells
[24-28], while hypoxia treatment has been shown to induce insulin resistance in
adipocytes [29] and hepatocytes [30]. AML12 cells were serum deprived, treated
with TNFa (10, 20, 50, and 100 ng/mL) or with the saturated FFA palmitate (0.4
and 0.9 mM) with or without hypoxia (1% O,) treatment for 16 hours, and then
stimulated with insulin for 2 min. Cell lysates were analyzed by immunoblotting.

2.4. RNA-seq library preparation and sequencing

We randomly selected four mice from chow, five mice from HFWD, and
HFWD+F/S respectively, to isolate total RNA from liver tissue for RNAseq analysis.
We confirmed that the mice selected were representative of their dietary group for
whole body, epididymal adipose, and liver weights. RNeasy Plus Universal Kits (Qi-
agen, Valencia, CA) was used to isolate total RNA from frozen liver following the
manufacturer’s protocol. All RNA-seq library procedures were performed at the Ge-
nomic Services Laboratory (GSL), HudsonAlpha Institute for Biotechnology. Initial
QC quantification of the extracted total RNA was done by using Qubit Fluorometer
(Invitrogen), and the quality of the extracted RNA was evaluated using an Agilent
2,100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Five hundred ng of total RNA was taken for proceeding to downstream RNA-seq
applications. First, ribosomal RNA (rRNA) was removed using Ribo-Zero Gold (Yeast)
kit (Epicenter, Madison, WI) using manufacturer’s recommended protocol. Imme-
diately after the rRNA removal the RNA was fragmented and primed for the first
strand synthesis using the NEBnext First Strand synthesis module (New England
BioLabs Inc., Ipswich, MA). The second strand synthesis was then performed us-
ing the NEBnext Second Strand synthesis module. Following this the samples were
taken into standard library preparation protocol using NEBNext DNA Library Prep
Master Mix Set for Illumina with slight modifications. Briefly, end-repair was done
followed by A-tailing and custom adapter ligation. Post-ligated materials were indi-
vidually barcoded with unique in-house Genomics Service Laboratory (GSL) primers
and amplified through 12 cycles of PCR. Library quantity was assessed by Qubit 2.0
Fluorometer, and the library quality was estimated by utilizing a DNA 1,000 chip
on an Agilent 2,100 Bioanalyzer. Accurate quantification of the final libraries for se-
quencing applications was determined using the qPCR-based KAPA Biosystems Li-
brary Quantification kit (Kapa Biosystems, Inc., Woburn, MA). Each library was di-
luted to a final concentration of 12.5 nM and pooled equimolar prior to cluster-
ing. Paired-End (PE) sequencing (50 million per sample, 100bp) was on an Illumina
HiSeq2500 sequencer (Illumina, Inc.).

2.5. Processing of RNA-seq reads

Approximately 50 million, 100bp, PE reads were generated from each sample.
Quality control checks on raw sequence data from each sample was performed us-
ing FastQC (Babraham Bioinformatics, London, UK). Raw reads were mapped to the
reference mouse genome mm9 using TopHat v2.0 [31,32] with two mismatches al-
lowed and other default parameters. The alignment metrics of the mapped reads
were estimated using SAMtools [33]. Aligned reads were then imported onto the
commercial data analysis platform, Avadis NGS (Strand Scientifics, CA, USA). After
quality inspection, the aligned reads were filtered on the basis of read quality met-
rics where reads with a base quality score less than 30, alignment score less than
95, and mapping quality less than 40 were removed. The remaining reads were
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then filtered on the basis of their read statistics, where missing mates, translocated,
unaligned, and flipped reads were removed. The reads list was then filtered to re-
move duplicates. Samples were grouped and quantification of transcript abundance
was done on this final read list using Trimmed Means of M-values (TMM) [34] as
the normalization method. Differential expression of genes were calculated on the
basis of fold change (using default cut-off > £2.0) observed between dietary treat-
ments, and the P-value of the differentially expressed gene list was estimated by
z-score calculations using determined by Benjamini Hochberg FDR correction of .05
[35]. Spearman correlation was used to test count correlation of different replicates
within each treatment group. One chow sample with low correlation was excluded
from the subsequent analysis (data not shown). Volcano plots, used to illustrate up-
and downregulated gene expression events, were generated for each diet compari-
son. Venn diagrams were created to identify differentially expressed genes between
each diet comparison. The data set (GSE89296) is available at NCBI Gene Expression
Omnibus database (www.ncbi.nlm.nih.gov/geo).

2.6. Biological and network analysis

Biological processes and pathway analysis were performed using Database
for Annotation, Visualization, and Integrated Discovery (DAVID; version 6.8;
david.ncifcrf.gov) [36,37] with the full list of hepatic genes expressed in the chow-,
HFWD-, and HFWD+F/S-fed mice used as the background. Gene Ontology was per-
formed in DAVID to identify biological processes (GOTERM_BP_ALL). Gene enrich-
ment analyses were performed using Kyoto Encyclopedia of Genes and Genomes
(KEGG) [38] to identify the most significantly affected unique canonical pathways.
The top 10 biological processes and top five KEGG pathways were filtered for func-
tionally related terms (very high, high, and moderate) to identify overlapping terms.

To construct a protein-protein interaction (PPI) network from the DEGs, the
Search Tool for the Retrieval of Interacting Genes (STRING; version 10.0; string—
db.org) online database for PPI network construction [39] was used in Cytoscape
(version 3.5.1) [40], a bioinformatics platform for visualizing molecular interaction
networks. To identify the top three clusters (highly interconnected regions) in the
networks, the Cytoscape plugin app “Molecular Complex Detection” (MCODE; ver-
sion 1.5.1) [41] was run using the following parameters: MCODE score, >4; degree
cutoff, 10; node score cutoff, 0.2; and k-score, 2. The top three clusters were iden-
tified by MCODE Score (density of the cluster multiplied by the number of mem-
bers). Gene enrichment analyses from the cluster DEGs were performed in DAVID
using KEGG to identify the most significantly affected unique canonical pathways.

2.7. Gene set enrichment analysis (GSEA)

GSEA was performed using 1,000 permutations and the phenotype permutation
type with the desktop GSEA program (version 4.1.0) [42]. Annotations of human
ensemble gene ID to the Molecular Signature Database (MSigDB) v7.0 were per-
formed. Enrichment plots were presented to visualize the data. Normalized enrich-
ment score (NES) which accounts for gene set size differences and gene sets and
the expression dataset correlations was reported. Nominal P-values were reported
for analyses performed using individual gene sets. A nominal P-value of less than
.05 was considered statistically significant. The false discovery rate (FDR) g-value,
which is the estimated probability that the NES represents a false positive finding,
were reported in analyses performed with more than one gene set. An FDR q-value
of less than 0.10 was considered statistically significant which is lower than 0.25
which is recommended in the GSEA User Guide [43].

To analyze gene set enrichment in hepatic transcriptomic data from HFWD-+F/S-
fed mice, the following gene sets were used: (1) a set of 232 upregulated hepatic
genes from high-fat diet fed LDL-receptor knockout mice identified as molecular fi-
brosis signature based on correlation with 8 differentially upregulated proteins [44];
(2) a set of 20 genes highly correlated to hepatic fibrosis in high-fat diet fed LDL-
receptor knockout mice that were derived from the 232 gene molecular fibrosis
signature [44]; (3) a set of 90 hepatic genes significantly differentially regulated
in human samples from NASH patients compared to control liver tissue [45]; and
(4) a set of 38 genes differentially regulated between the lobular inflammation and
advanced fibrosis histological human samples [46].

Gene set enrichment in 2 independent human NASH cohorts was performed us-
ing the following upregulated and downregulated gene sets derived from the path-
ways identified in the gene clusters from the HFWD+F/S networks: (1)Cluster 1 -
Steroid Biosynthesis, Complement & Coagulation Cascades, and Biosynthesis of An-
tibiotics; (2) Cluster 2 - Ribosome; and (3) Cluster 3 - Complement & Coagulation
Cascades. The human cohort liver transcriptomic data was obtained from the Gene
Expression Omnibus (GEO) database, using the “GEOquery” Bioconductor package
[47].

2.8. Human NASH cohorts used for GSEA

The Universitdtsklinikum Dresden cohort (German) analyzed patients who ex-
hibited all the stages of NAFLD [48]. The transcriptome data, GSE48452, had 73 pa-
tients including control (n=14), healthy obese (n=27), steatosis (n=14), and NASH
(n=18). We performed a comparison of “Control versus NASH.” The Duke Univer-
sity cohort (Duke) analyzed 72 patients classified as obese or overweight, exhibiting

NAFLD with varying fibrosis stages [49]. The transcriptome data, GSE49541, had 72
patients including mild NAFLD with fibrosis stage 0-1 (n=40) and advanced NAFLD
with fibrosis stage 3-4 (n=32). We performed a comparison of “Mild versus Ad-
vanced.” Both the German and Duke cohorts lacked patient dietary assessments.

2.9. RT-PCR analysis

RNeasy Plus Universal Kits (Qiagen, Valencia, CA) was used to isolate total
RNA from frozen liver and AML12 cells following the manufacturer’s protocol.
RNA quantity and quality were assessed using a ThermoScientific NanoDrop OneC
(Thermo Fisher, Waltham, MA). Reverse transcription was performed using the RT?
First Strand Kit (Qiagen, Valencia, CA). qPCR was performed with RT? SYBR Green
qPCR Mastermix (Qiagen, Valencia, CA) and gene-specific primers (SABiosciences,
Fredrick, MD) using MyiQ Real-Time PCR systems (Bio-Rad, Hercules, CA). After am-
plification, melt curve analysis was performed to confirm the specificity of the re-
action. All measurements were performed in triplicate. GAPDH was used as a refer-
ence gene to normalize gene expression. The 22~ A4¢T method was used to analyze
the qPCR data and measure relative expression differences [50].

3. Statistical analyses

Statistical analysis was performed using GraphPad Prism 6 (La
Jolla, CA). The results are presented as means + SEs. Statistical sig-
nificance of gene expression data was analyzed by Student’s t-test
(¢=0.05) using the chow group as a control. Statistical significance
between groups was determined by one-way analysis of variance
(¢=0.05) followed by Newman-Keuls test (¢=0.05). Linear regres-
sion was performed to compare gene expression results [log,(fold-
change)] obtained by RNA-seq and qPCR.

4. Results

4.1. Fructose/sucrose drinking water exacerbates markers of metabolic
disease in HFWD-fed male mice

Male C57BI/6N mice aged 7 weeks were placed on a Chow
or HFWD with or without 42 g/L F/S in the drinking water for
12 weeks. The Chow group served as the control group. After 12
weeks, mice fed the HFWD gained more weight than Chow, how-
ever, this was exacerbated by the addition of sugary drinking wa-
ter with the HFWD+F/S gaining 44% and 12% more body weight
than the Chow and HFWD groups, respectively (P<.05, Table 1).
Liver weight was also markedly higher in the HFWD+F/S group
(48% vs. control, and 19% vs. HFWD, Table 1). eWAT weight as a
percent of body weight was significantly higher in both HFWD-fed
group compared to the Chow group (P<.05, Table 1). Finally, fasting
blood glucose levels were significantly elevated in the HFWD+F/S-
fed mice compared to both Chow and HFWD (P<.05, Table 1).

Table 1
Body and organ weights, and blood glucose level in mice.

Chow HFWD T HFWD=F/ST
Body weight (g) 30.9+1.32  39.7+1.2b 44.6+0.8¢
Liver weight (g) 126+0.052  2.05+0.22>  2.72+0.22¢
Liver/Body weight (%)  4.104£0.10®  5.09+0.432  6.06+0.38P
eWAT* (g) 114+0.20°  2.28+012>  2.46+0.09P
eWAT/Body weight (%) 3.57+0.47% 5.80+0.35°  5.54+0.29P
Glucose (mg/dL) 146.5+13.52 163.7+14.92  214.4+10.6°

Abbreviations: HFWD, high-fat Western diet; F/S, fructose/sucrose;
eWAT, epididymal white adipose tissue.

* C57BI/6N mice aged 7 weeks were placed on a chow or HFWD
with or without 42 g/L F/S in the drinking water for 12 weeks.
The Chow group served as the control group. Values represents
the means + SE; n=8. Data was analyzed by ANOVA and pairwise
comparisons were made using Newman-Keuls test. Different letters
indicate significantly different values at P<.05.
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Fig. 1. NAFLD parameters are advanced when HFWD-fed male mice are supplemented with sugary drinking water. A. Representative images of hematoxylin and eosin (H&E)-
stained liver sections. B-D. Macro- and microsteatosis and hypertrophy scoring of H&E-stained liver sections. E. Quantification of hepatic triglyceride content. F. NAFLD score
calculated based on the sum of scores for micro-/macrosteatosis, hypertrophy and inflammation. Data are expressed as means + SE, n=8 per group. ND = not detected. *

P<.05; ** P<.01; *** P<.001; **** P<.0001.

4.2. NAFLD parameters are advanced when HFWD-fed male mice are
supplemented with fructose/sucrose drinking water

Given the stark exacerbation of sugary drinking water on the
HFWD phenotype, we next investigated its impact on histologic
markers of NAFLD and NASH (e.g., hepatic steatosis, hypertrophy,
and inflammation [51]). Histological scoring of stained liver tis-
sue sections from the diet treatment groups at 12-week revealed
that both HFWD and HFWD+F/S-fed mice demonstrated substan-
tial steatosis as indicated by greater macro- and micro-vesicular
steatosis scores as well as hepatocellular hypertrophy compared
with the control group (P<.05, Fig. 1A-D). However, the great-
est steatosis (macrosteatosis and microsteatosis) and hypertrophy
scores were observed in the HFWD+F/S group (Fig. 1B-D). Con-
firming the histological impression, liver TG levels at 12-week were
significantly elevated in the HFWD+F/S group compared to both
Chow and HFWD (P<.01, Fig. 1E). Steatosis, hypertrophy, and in-

flammation scores for each animal were summed to generate a
NAFLD total score, which is a validated histological NAFLD scoring
system in rodent [23]. As shown in Figure 1F, the HFWD-+F/S group
had a significantly greater NAFLD total score than both the Chow-
(P<.001) and the HFWD-fed (P<.01) groups.

4.3. Supplementing HFWD-fed male mice with fructose/sucrose
drinking water reprograms the hepatic transcriptome

Providing sugary drinking water to mice fed a HFWD signif-
icantly amplified the metabolic and histo-pathologic impacts of
the unhealthy diet. Therefore, to gain an unbiased, global view of
the HFWD+F/S on the hepatic transcriptome, we performed high-
throughput sequencing of liver samples from each of the three di-
etary groups. We obtained approximately 150, 149, and 141 million
high quality reads from the liver of Chow, HFWD, and HFWD+F/S-
fed mice, respectively. Approximately 65%, 67%, and 74% of the
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Gene Ontology of the top ten most significant biological processes overlapping or uniquely reg-
ulated in livers from HFWD-fed and HFWD+F/S-fed mice.

Group Pathway Count’  Fold?  P-value*
Overlap Lipid metabolic process 100 4.0 5.83E-31
Small molecule biosynthetic process 49 53 7.92E-18
Fatty acid metabolic process 39 5.2 4.22E-13
Lipid localization 31 44 5.57E-08
Single-organism catabolic process 41 2.8 1.39E-05
Cellular carbohydrate metabolic process 22 41 1.83E-04
Response to extracellular stimulus 29 31 5.68E-04
Regulation of biological quality 109 1.6 9.32E-04
Anion transport 27 31 1.17E-03
Sulfur compound metabolic process 22 3.7 1.26E-03
HFWD Intestinal absorption 8 11.5 2.98E-04
Phospholipid metabolic process 20 31 1.66E-03
Reactive nitrogen species metabolic process 9 59 5.87E-03
Thioester biosynthetic process 6 11.3 6.35E-03
Dicarboxylic acid transport 8 6.8 6.52E-03
Regulation of multicellular organismal process 84 15 7.89E-03
Isoprenoid biosynthetic process 6 9.5 1.30E-02
Localization 144 13 2.57E-02
Blood circulation 21 23 2.62E-02
Negative regulation of lipid catabolic process 5 10.7 3.06E-02
HFWD+F/S Cellular amino acid catabolic process 15 6.9 2.69E-06
Response to organic substance 145 15 1.67E-05
Regulation of catalytic activity 90 1.7 1.05E-04
Biosynthetic process 244 13 2.83E-04
Regulation of wound healing 17 4.0 3.57E-04
Carbohydrate biosynthetic process 20 34 4.36E-04
Programmed cell death 95 1.6 5.56E-04
Cellular response to nutrient levels 19 34 5.91E-04
Negative regulation of response to stimulus 73 1.7 9.25E-04
Regulation of molecular function 106 1.5 1.21E-03

* Benjamini adjusted P-value.
T number of genes in the pathway.
¥ fold enrichment in the pathway.

RNAseq reads were uniquely mapped to annotated mouse genes
in chow, HFWD, and HFWD-+F/S group, respectively (Supplemen-
tal Table 1). DEGs identified by RNAseq were validated by with
RT-qPCR by selecting 4 upregulated genes (Cidea, Myom3, Hr, and
Spon), 2 genes with less than 0.5-log2 fold (SIc25 and Bmp2), and 3
downregulated genes (Mapk4, Nkrf, and Fnip1) (Supplementary Fig.
1). RT-qPCR results were significantly correlated with the RNAseq
results by linear regression analysis (R2=0.910, P value = <.0001).

First, we confirmed using transcriptomics that HFWD+F/S-fed
mice represent an advance form of NAFLD compared to HFWD-fed
mice. We used 2 independent murine fibrosis gene sets to perform
a gene set enrichment analysis (GSEA) comparing hepatic RNAseq
data from HFWD+F/S-fed mice to the chow- and HFWD-fed mice
(Supplementary Table 2). Both murine fibrosis gene sets with an
FDR P<.01 were significantly enriched in livers from HFWD+F/S-
fed mice (Supplementary Fig. 2).

We then identified differentially expressed genes (DEGs) in the
livers of Chow, HFWD and HFWD-F/S-fed mice using EdgeR to
count read depths per gene transcript and detected significant
DEGs based on fold change (>2) [52]. Volcano plots (Fig. 2A and B)
were generated to illustrate up- and down-regulated gene for each
comparison (HFWD vs Chow and HFWD+F/S vs. Chow, respec-
tively). In total, 442 genes were differentially expressed (> 2-fold)
in the HFWD-fed compared to Chow-fed mice, of which 246 genes

were upregulated and 196 genes were downregulated (Fig. 2A and
C). When sugary drinking water was added to the HFWD, 688
genes were differentially expressed, including 340 downregulated
genes and 348 upregulated genes (Fig. 2B and C). Overall, 314 dif-
ferentially expressed hepatic genes were identified as shared be-
tween the HFWD and HFWD+F/S groups (Fig. 2C).

Of particular interest, however, were the 128 and 374 uniquely
regulated genes in the HFWD and HFWD+F/S groups, respec-
tively (Fig. 2C). When analyzed for GO Biological Processes, we
found that lipid metabolism pathways were significantly enriched
in the overlapping gene set, validating the finding of increased
lipid accumulation in both HFWD-fed livers when compared to
Chow (Fig. 2D, left panel). When the 374 genes uniquely regu-
lated by HFWD+F/S were analyzed for GO terms, we found enrich-
ment for diverse biological processes such as cellular amino acid
catabolic process, response to organic substance, and regulation
of catalytic activity (Fig. 2D, right panel). We were specifically in-
trigued by the inflammation-related (regulation of wound healing)
and apoptosis-related (programmed cell death) processes uniquely
enriched in the HFWD+F/S-fed mice. Further gene set interroga-
tion by KEGG pathway analysis produced consistent results. One of
the top uniquely enriched KEGG pathways in the HFWD-+F/S group
was the complement and coagulation cascades pathway, which is
heavily involved in the immune response to injury (Fig. 2E).
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Next, we performed network STRING cluster analysis on the
HFWD and HFWD+F/S DEGs to identify specific genes and clus-
ters of genes involved in the exacerbation of NAFLD observed after
exposure to sugary drinking water. In the HFWD network, clusters
enriched for steroid biosynthesis (P=1.34E-17), retinol metabolism
(P=4.22E-15), and fat digestion and absorption (P=1.12E-02) were
observed (Fig. 2F). In contrast, HFWD+F/S network clusters were
enriched for complement and coagulation cascades in two sepa-
rate clusters (P=9.95E-07 and 1.48E-03, respectively) and ribosome
(P=7.67E-11) in a single cluster (Fig. 2G).

4.4. Genes for the orosomucoid (ORM) family of inflammatory
proteins are uniquely overexpressed in the livers of HFWD+F/S-fed
male mice

Pathway and network cluster analyses revealed the complement
and coagulation cascades pathway as uniquely relevant in the liv-
ers of HFWD+-F/S-fed mice. The HFWD+F/S complement and coag-
ulation cascade network cluster identified the gene Orosomucoid 3
(ORM3) as significantly linked (Fig. 2G). Furthermore, ORM3 was
upregulated 5-fold in the HFWD+F/S group compared to HFWD
group (Fig. 3A, left panel). The Orosomucoid (ORM) (also called
«-1 acid glycoprotein) gene product is an acute phase protein for
which there is a family of 3 genes in mice (ORM1-3) and two genes
in humans (ORM1-2) [53,54]. To validate our RNAseq data on the
expression of ORM3, RT-qPCR was performed livers from the Chow,
HFWD and HFWD+F/S-fed mice. Consistent with our RNAseq data,
ORM3 expression was elevated approximately 5-fold in HFWD+F/S
fed mice compared to HFWD fed mice (Fig. 3A, right panel). In
addition, ORM2 but not ORM1 hepatic expression was also signifi-
cantly elevated approximately 2-fold in HFWD+F/S fed mice com-
pared to HFWD fed mice (data not shown).

To further validate ORM3 as a significant factor in sugary drink-
ing water exacerbating HFWD-induced NAFLD, we examined hep-
atic expression of ORM1-3 in an independent cohort of mice. The
HFWD and HFWD+F/S groups received similar treatment as in
the present work, however, a low-fat Western diet was used for
the control group in the independent work [17]. ORM3 expres-
sion was upregulated approximately 5-fold in HFWD-+F/S-fed mice
compared to HFWD fed mice (Fig. 3B, far right panel). ORM1 and
ORM2 hepatic expression was significantly elevated to a similar
level as ORM3 in HFWD+F/S fed mice compared to HFWD fed mice
(Fig. 3C, left and middle panel). Correlation analysis of ORM1-3
gene expression and NAFLD parameters revealed a positive cor-
relation of the ORMs with body weight, normalized liver weight,
and serum alanine aminotransferase (ALT), a marker of liver dys-
function (Fig. 3C). Specifically, ORM3 was significantly positively
correlated with body weight (P=.02) and normalized liver weight
(P=.02) while ORM1 and ORM3 gene expression was significantly
positively correlated with ALT (P<.05, Fig. 3C). A negative correla-
tion was observed between ORM1-3 gene expression and fibrosis
score; however, only ORM2 was significantly negatively correlated
(P=.03, Fig. 3C).

4.5. An in vitro model of insulin resistant hepatocytes recapitulates
overexpression of ORM in response to metabolic dysfunction

To examine whether ORM gene expression can be induced di-
rectly in hepatocytes, we developed cellular hepatocyte models
of insulin resistance in AML12 cells. We sought to model in-
sulin resistance which we have previously reported is exacer-
bated in HFWD+F/S-fed mice compared to HFWD-fed mice [17].
As shown in Supplementary Figure 3, AKT-Ser473 phosphoryla-
tion was significantly blunted in AML12 hepatocytes upon in-
sulin stimulation in both TNFa and FFA treated cells incubated

in a hypoxic condition. The greatest inhibition of insulin stimu-
lated AKT-Ser473 phosphorylation was observed in the FFA 0.9
mM + Hypoxia group. We next examined the expression of ORM
genes in this model. Consistent with our findings in vivo, the
expression of ORM3 gene was significantly highly elevated (ap-
proximately 33-fold and 67-fold) in AML12 treated with FFA 0.9
mM + hypoxia and TNFa 100 ng/ml +hypoxia, respectively (Sup-
plementary Fig. 3C). In addition, the combination of TNFa or
FFA with hypoxia treatment induced gene expression of ORM3
in a dose-dependent manner. Similar results were observed in
the expression of ORM1 and ORM2 genes as well (Supplementary
Fig. 3C).

4.6. Gene set enrichment analysis (GSEA) validation of the
HFWD+F/S-fed mouse as a model for human NAFLD

Our results to this point indicate the HFWD+F/S-fed male
mouse as a murine model of advanced diet-induced NAFLD. How-
ever, to confirm the translation of our model to human NAFLD we
performed GSEA with two independent human NASH cohorts (Sup-
plementary Table 2) on RNAseq from HFWD+F/S and two addi-
tional independent human NASH cohorts on the cluster-identified
gene sets from Figure 2F. For our HFWD+F/S RNAseq, the human
NASH gene set (Normalized enrichment score 1.33, FDR g-value
= 0.081) was significantly enriched in livers from HFWD-+F/S-fed
mice (Fig. 4A, left panel), while the fibrosis vs inflammation (Nor-
malized enrichment score 1.29, FDR g-value = 0.138) gene set was
enriched but did not reach our threshold for statistical significance
(Fig. 4A, right panel).

To examine the relevance of the three hepatic HFWD-+F/S net-
work clusters, GSEA was performed using genes within each clus-
ter and transcriptomic data from two independent human NASH
cohorts from Germany and Duke [48,49]. We focused the analy-
sis on the downregulated complement and coagulation cascades
genes in clusters 1 and 3 and the ribosome genes in cluster 2 (Sup-
plementary Table 3) because gene sets from these clusters con-
tained at least 10 genes. In the German cohort in which Control
vs. NASH was compared, we observed a trend that the gene set
for downregulated genes in the complement and coagulation cas-
cades for cluster 1 (Normalized enrichment score 1.36, FDR g-value
= 0.107) and a significant enrichment for cluster 3 (Normalized en-
richment score 1.51, FDR g-value = 0.075) were negatively corre-
lated with NASH (Fig. 4B) which is consistent with the genes being
downregulated in the hepatic HFWD+F/S network clusters. We also
observed that the ribosome gene cluster (Normalized enrichment
score 149, FDR g-value = 0.051) was negatively correlated with
NASH in the German cohort which is consistent with the genes
being downregulated in the hepatic HFWD+F/S network clusters
(Fig. 4B). Next, gene set enrichment in the Duke cohort which com-
pares mild to advanced NASH was assessed. We observed that the
gene set for downregulated genes in the complement and coag-
ulation cascades for cluster 1 (Normalized enrichment score 1.67,
FDR g-value = 0.005) but not cluster 3 (Normalized enrichment
score 0.98, FDR g-value = 0.796) was negatively correlated with
advanced NASH (Fig. 4C). There was not a correlation with the ri-
bosome gene set with advanced NASH (Fig. 4C).

5. Discussion

In this study we used RNAseq to provide an unbiased, global
view of the unique changes induced in the hepatic transcriptome
of male mice when fructose/sucrose drinking water is added to
a HFWD. Using this technique, we were able to demonstrate the
main DEGs, biological processes, and pathways involved in the pro-
gression of NAFLD. The relevance of the regulated transcriptome
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Table 3

Gene Ontology of the top 5 significant KEGG pathways in livers from HFWD- and HFWD+-F/S-fed mice.

Group Annotation Pathway Count' Fold* P-value*

HFWD KEGG Metabolic pathways 73 24 2.74E-11
Steroid biosynthesis 8 174 1.23E-05
Bile secretion 10 5.8 2.57E-03
Retinol metabolism 11 5.1 2.24E-03
PPAR signaling pathway 10 5.2 4.42E-03

HFWD+F/S KEGG Biosynthesis of antibiotics 45 51 3.52E-17
Steroid biosynthesis 10 12.7 1.27E-06
Complement and coagulation cascades 16 51 1.53E-05
PPAR signaling pathway 16 6.2 5.62E-04
Pyruvate metabolism 10 6.2 5.62E-04

* Benjamini adjusted P-value.
T number of genes in the pathway.
¥ fold enrichment in the pathway.
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to previous mouse studies and the human NAFLD/NASH condition
was assessed using GSEA of our datasets against murine and hu-
man NASH gene sets and human NASH cohorts. We also examined
the relevance of the complement and coagulation cascades biologi-
cal process in the livers of HFWD+F/S-fed mice by focusing on the
hepatic expression of genes for the ORM family of inflammatory
proteins and the correlation between gene expression and NAFLD-
related parameters.

Consistent with our prior findings [17,55,56], F/S consumption
in HFWD-fed mice resulted in a large increase in body weight as
well as normalized liver weight after 12 weeks. Histological scoring
of stained liver tissue sections revealed that the HFWD+F/S group
has the greatest steatosis, hypertrophy, and total NAFLD score, in-
dicating that the combination of liquid fructose/sucrose and HFWD
accelerates NAFLD. Consistent with these findings we observed en-
richment of murine fibrosis and human NASH-related gene sets
in the hepatic transcriptomic from HFWD+F/S-fed mice. Taken to-
gether these results confirm the validity of our model used to ex-
plore global changes in the hepatic transcriptome induced by fruc-
tose/sucrose water consumption in HFWD-fed mice.

We also observed fewer DEGs in HFWD vs. Chow compared to
the HFWD+F/S vs. Chow, suggesting that liquid fructose/sucrose
consumption uniquely reprograms the hepatic transcriptome. In-
deed, a total of 688 DEGs were identified in the HFWD+F/S vs.
Chow comparison, 314 of which were shared between the HFWD
and HFWD+F/S groups, but 374 were uniquely observed in the
HFWD+F/S group. These results provide compelling evidence that
the combination of HFWD and liquid fructose/sucrose has a pro-
found and distinct effect on gene expression in liver.

Our finding that genes in the complement and coagulation cas-
cades pathway were differentially expressed is consistent with a
recent report that alterations in complex complement and coagu-
lation cascade regulation is observed to coincide with the devel-
opment of inflammation and steatosis in the livers of NAFLD pa-
tients that also coincides with the development of inflammation in
steatotic livers [57]. Complement and coagulation cascades path-
way enrichment has also been observed in other murine NASH
models including high-fat diet fed senescence-accelerated mouse
prone 6 (SAMP6) mice [58] and long-term American lifestyle-
induced obesity syndrome (ALIOS) diet-fed male mice [59]. It was
proposed that the regulation of complement and coagulation cas-
cade genes occurs prior to the development of advanced NASH in
high-risk obese adults [57], which is consistent with our observa-
tions herein and validates the use of the HFWD-+F/S mouse as a
model for obese humans with mild NASH [16].

To further examine the regulation of complement and coag-
ulation cascades in the livers from HFWD+F/S-fed mice, we fo-
cused on up-regulated expression of ORM. We observed a substan-
tial increase in hepatic gene expression of ORM 1-3 in HFWD+F/S-
fed mice. This data correlated with increased obesity, glucose in-
tolerance, insulin resistance and a higher NAFLD score from our
previous work using the HFWD-+F/S mouse [17]. In humans, the
serum concentration of ORM has been observed to be elevated
in obese and diabetic patients and has been suggested to be
a biomarker for obesity-induced metabolic disorders and inflam-
mation [60-62]. In adipose tissue, overexpression of ORM has
been shown to suppress pro-inflammatory gene expression and re-
lieves hyperglycemia-induced insulin resistance, while the knock-
down of ORM1 promotes both basal and TNFx-induced expres-
sion pro-inflammatory genes and disrupts insulin-stimulated glu-
cose uptake. Hence, ORM is an integrator for inflammatory and
metabolic signals that may protect from severe inflammation and
metabolic dysfunction [63]. Indeed, we observed a significant ele-
vation of hepatocyte gene expression of ORM isoforms in response
to TNFe and FFAs together with hypoxia treatment in a dose-

dependent manner. Furthermore, we found positive correlations
between the ORM (ORM1-3) gene expression and normalized liver
to body weight and ALT while negative correlations between ORM
(ORM1-3) gene expression and fibrosis were observed. Together,
these results suggest that ORMs may have a similar protective ef-
fect in the liver. However, further studies are warranted to test the
protective role of ORMs in the development of NASH.

A strength of our study is that murine and human NASH gene
sets were found to be enriched in the hepatic transcriptomic data
from HFWD+F/S-fed mice. Consistent with the mild NASH phe-
notype of high-fat Western diet with fructose/sucrose water con-
sumption model of obesity [16,17], we did not observe significant
enrichment of a human inflammation verses NASH gene set in
the hepatic transcriptomic data from HFWD+F/S-fed mice. An ad-
ditional strength of our study is that HFWD+F/S-linked network
cluster genes in the complement and coagulation cascades path-
way were found to be enriched in human NAFLD cohorts. A lim-
itation of our study is that we only examined NAFLD parameters
in male mice at a single time point which corresponds to an early
stage in the development of NASH [59]. An additional limitation is
that calories from the sugary drinking water may have contributed
to our findings in the HFWD-+F/S-fed mice. However, we have pre-
viously observed that total caloric intake and calories from the
food in the HFWD-fed mice compared to the HFWD+F/S-fed mice
is not significantly different after both 2-week and 12-weeks on
the respective diets, and that only approximately 2.7% of the total
calories in the HFWD+-F/S-fed mice is from the sugar in the drink-
ing water [17]. The lack of dietary assessment in the patient cohort
used to examine the relevance of the hepatic HFWD+F/S network
clusters is an additional limitation.

In summary, we demonstrate herein that the combination of a
HFWD with F/S in the drinking water exacerbates HFWD-induced
hepatic steatosis and NAFLD that is consistent with progression to
NASH. More importantly, 12 weeks of HFWD+F/S feeding results
in distinct reprogramming of the hepatic transcriptome with alter-
ations in the most notable changes occurring in the complement
and coagulation cascade gene pathway. The ORM family of inflam-
matory proteins may play a role in the mechanism of these unique
alterations, however, this requires formal testing. Importantly, our
results provide insight into the possible molecular basis by which
the addition of fructose/sucrose water to a high-fat Western diet
promotes the progression of NAFLD.
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